Boron-doped zinc oxide (BZO) thin films have been fabricated by spray pyrolysis on a glass substrate. The morphology and electrical properties of the thin films were investigated. X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses were performed. Zn] = 1.5 at. %. Conductivity was determined at different measurement temperatures and shallow donors provided the dominate conduction mechanism for the as-deposited BZO thin films. After 600 C annealing, shallow level reduction and donors with a high activation energy of 129 AE 6 meV in the BZO thin films were characterized, and the shallow donors that dominate the carrier concentration for the as-deposited spray-pyrolized BZO thin film were eliminated. #
Introduction
Transparent conducting zinc oxide (ZnO) thin films have been extensively studied in recent years because of their low resistivity and high optical transmittance in an ultraviolet visible region. ZnO has received much attention because it has numerous applications, such as photovoltaic devices, varistors, and transparent electrodes. [1] [2] [3] ZnO is naturally an n-type semiconductor owing to deviation from stoichiometry, and the free charge carriers mainly arise from the shallow donor levels associated with oxygen vacancies and interstitial zinc atoms. 4) Further reduction in the resistivity of zinc oxide can be achieved by doping group III elements, such as B, Al, In, and Ga, in the substitution of zinc atoms to form the donor impurity level. [5] [6] [7] [8] ZnO thin films have been prepared by various techniques. High-quality epitaxial films can be achieved by metal organic chemical vapor deposition methods with different controlled surface morphologies. [9] [10] [11] Thus, spray pyrolysis is one of the attractive techniques for obtaining such films, 12, 13) because it has advantages of easy fabrication of large-area films without high-vacuum equipment.
The growth of boron-doped zinc oxide (BZO) thin films by RF magnetron sputtering has advantages of better IR transmission than that of aluminum-doped zinc oxide (AZO) thin films, 14) and AZO thin films prepared by successive ion layer adsorption and reaction have deep donor levels. 15) Although BZO thin films deposited by spray pyrolysis have been reported, 16) these BZO thin films showed a large resistivity range 17, 18) and there has been no report regarding various resistivities as a function of temperature for the spray-pyrolized BZO thin film. Thus, we have fabricated BZO thin films by spray pyrolysis and analyzed their electrical properties, especially the activation energies of conductivity behaviors.
Experimental Procedure
The spray pyrolysis apparatus used in this work consists of a laboratory-built made spraying unit, a substrate holder with a heater, and a ventilator. The distance between the nozzle and the substrate was fixed at 15 cm. One relay was used to control the time circulation with on 2/off 10 s periodically. The flow rate of the solution was controlled at around 1 ml/s. The total deposition time was fixed at 30 min.
An aqueous solution of highly pure zinc acetate [Zn(CH 3 COO) 2Á 2H 2 O] was used as a precursor. The concentration of the solution was 0.2 mol/l. Boron doping was achieved by adding boracic acid (H 3 BO 3 ) to the solution. The atomic ratio between boron and zinc was fixed at 0, 0.25, 0.5, 0.75, and 1 at. %. The films were grown on the glass substrates with thicknesses of around 0.4 m, and the temperature of the substrate was fixed at 500 C. The crystalline structure was obtained by X-ray diffractometry with Cu K radiation (Bruker D8). A scanning electron microscopy (SEM) device (Hitachi S-3000H) was used to observe the morphology of the films. The carrier concentration and mobility were obtained by Hall measurement in a four-point probe method (Keithley 2611) at room temperature. Ohmic contacts were achieved by depositing an Al/In metal followed by 350 C annealing. The van der Pauw method 19) was used to measure the Hall effect and resistivity. Temperature-dependent conductivity measurements were realized by the same four-point probe system with a temperature controlled stage. The annealing procedure was carried out on a conventional furnace with temperature controlled at 600 C.
Results and Discussion
3.1 Characterization of undoped and boron-doped ZnO thin films SEM micrographs of the undoped and boron-doped ZnO thin films are shown in Fig. 1 . It is clearly shown that the surface morphologies of the ZnO thin films were considerably affected by boron doping. The undoped ZnO thin film showed agglomerates that developed from small spiral crystal grains. The granular structures were introduced by boron doping and the grains became smaller with increasing boron content. The films showed pores at doping ratios up to 1 at. %.
The X-ray diffraction (XRD) patterns of the undoped and boron-doped ZnO thin films are shown in Fig. 2 . It was found that all the diffraction peaks can be indexed to those of ZnO with a wurtzite structure. The undoped and boron-doped ZnO films showed two obvious orientations along the (101) and (002) planes. A low (100) intensity was observed in all the samples. 20, 21) Furthermore, the (002) and (102) peak intensities decreased with increasing boron content. The film with 1.5 at. % BZO showed a primary (101) peak. Also, the FWHM for this peak was as broad as the increasing boron doping concentration. When boron ions were introduced into the ZnO lattice, the lattice distortion was also introduced, 22) suppressing ZnO grain growth. The worse crystalline quality with highly boron-doped samples can be expected.
Electrical properties of the undoped and boron-doped
ZnO films All the BZO thin films exhibited n-type conductivity. The carrier concentration and Hall mobility as a function of boron content are shown in and the introduction of more boron atoms, the phonon scattering and impurity scattering may play an important role, 24) that is, both may take part in reducing the mobility. As shown in Fig. 1 , the grain size decreases as [B]/[Zn] increases. The decrease in grain size allows the grain boundary scattering to increase, also reducing the Hall mobility. 25) The resistivity increases as
To better understand the origin of electrical conduction, film conductivity measurements within the temperature range of 300 to 420 K were carried out. Figure 4 shows the conductivity of the BZO thin films plotted as a function of the inverse measurement temperature. The relationship between conductivity and temperature is given by 26, 27) 
where 0 is the pre-exponential factor, T is the absolute temperature, and k is the Boltzmann constant. [27] [28] [29] The activation energies corresponding to the two linear slope parts are estimated to be E For ZnO, the main electrical conduction in these films can be attributed to the contributions of zinc interstitials (Zn i ) and/or oxygen vacancies (V O ) with activation energies of around 30-50 meV 30) and 0.28-0.32 eV, 31) respectively. The observed E II A ¼ 36 AE 2 meV for region II may be assigned to Zn i , which is a dominant native shallow donor in the asdeposited ZnO thin film. 30) Since the boron-related activation energy may be around 120-160 meV 32, 33) and cannot be observed in these as-deposited BZO thin films, the shallow donor with E I A ¼ 22 AE 2 meV in region I and Zn i provides the primary conduction mechanism for these as-deposited BZO samples.
To further understand the conduction mechanism, thermal annealing in air atmosphere was carried out. Figure 5 shows the SEM micrographs of these BZO films annealed at 600 C for 30 min. Compared with that in Fig. 1 , a large grain size can be observed in these annealed samples. Annealing is beneficial for the enhancement of Zn-O bonding 29) and is important for the structure. example, higher than 1 at. % as shown in Figs. 5(e) and 5(f ), some vacancies can be observed. Figure 6 shows the XRD spectra of the 600 C-annealed ZnO films with different [B]/[Zn] ratios. Compared with that in Fig. 2 , the main peak remains and there is only a small peak FWHM reduction in this figure. Figure 7 shows the conductivity measured at different temperatures of the ZnO thin films with different [B]/[Zn] ratios after 600 C annealing. The two distinct regions can be observed in all samples. The extracted activation energies for these regions are shown in Table II . In region I (300 5 T 5 360 K), a low activation energy of around 46 AE 3 meV can be observed. The activation energies of these annealed samples are slightly higher than those of the as-deposited samples. The values are near the reported values of 30-50 meV for Zn i in the ZnO films, 30) suggesting that the shallow donors of the as-deposited and boron-doped ZnO thin films can be eliminated after 600 C annealing, and that Zn i affects the conduction mechanism of these annealed samples. For region II (370 5 T 5 420 K), a larger activation energy can be characterized. For the undoped ZnO thin film, the activation energy is around 310 meV, which implies a neutral oxygen vacancy V O (0.28-0.32 eV) 31) in the conduction mechanism. As boron content increases, the activation energy decreases. With [B]/[Zn] larger than 0.75 at. %, activation energies of around 135-123 meV can be observed. These activation energies are consistent with the reported boron-associated activation energies of 120-160 meV, 17, 32) indicating that the substitution of zinc by born (B Zn ) can be observed clearly in the samples with [B]/[Zn] larger than 0.75 at. %.
Compared with the activation energy variation for the as-deposited and annealed samples, it was found that the shallow donors with E I A ¼ 22 AE 2 meV can be eliminated after annealing. In the spray pyrolysis method, there may be some hydrogen species incorporated into the as-deposited film.
33) The shallow donors may be assigned to the hydrogen-related states. [34] [35] [36] After high-temperature annealing, the elimination of hydrogen can be expected and the electrical conduction may be dominated by Zn i , V O , and/or B Zn . Fig. 3 , the mobility shows a small increase. A small crystalline improvement can be expected and is consistent with that in XRD results. However, after 600 C air annealing, concentration reduction can be observed in the undoped and doped samples. Compared with that in Fig. 3 1.5at% two-order-magnitude concentration reduction can be observed. A high concentration reduction can be observed in the removal of hydrogen-related states. 37) In this work, by calculating the activation energy, concentration reduction can be assigned to the elimination of hydrogen-related shallow donors.
Conclusions
BZO thin films were prepared by spray pyrolysis, and the effects of boron doping on the structure and surface morphology were studied. The undoped and boron-doped ZnO thin films showed two obvious orientations along the (101) and (002) planes with different surface morphologies. Temperature-dependent conduction measurements were performed to determine the activation energy. Shallow donors provided a major conduction mechanism for the as-deposited undoped and boron-doped ZnO thin films. After 600 C annealing, a reduction in shallow donor concentration occurred. By calculating the activation energy, the conduction mechanism for zinc interstitials, as well as neutral oxygen vacancies and the substitution of zinc by boron, was observed in the undoped and boron-doped ZnO thin films. Annealing was observed to be an important procedure for the reduction in the concentration of shallow donors incorporated into the ultrasonically spray-pyrolized ZnO thin film.
